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RECEIVER MODEL

I. INTRODUCTION EMICONDUCTOR lasers used in coherent optical com-
S munications suffer from a frequency noise [1]-[3] whose
spectral density has two main components: 1) a high-frequency flat or white component, which has the effect of broadening the spectral linewidth of the emitted field, and 2 ) a low-frequency flicker component which causes a slow drift of the spectrum itself.
Optical heterodyne systems with noncoherent demodulation are robust against the degradation due to the white component (41, [SI, but need an automatic frequency control (AFC) loop to keep the heterodyned spectrum within the passband of the intermediate frequency (IF) stages. Without any frequency control, the flicker component causes the IF spectrum to drift away from the center of the IF passband, thus causing distortions, fading, and possibly the complete loss of the signal.
This paper analyzes on a common basis the AFC design and its effects on the receiver performance for three binary modulation formats with noncoherent demodulation, i.e., DPSK, narrow-deviation FSK and wide-deviation FSK. The form and impact of the shot noise on the AFC tracking ability is also investigated. In Section I1 a model of the receiver is givm. Section I11 contains the AFC loop analysis, with focus on the main design parameters. In Sections IV and V the theoretical system bit-error-rate (BER) degradation as a function of the AFC parametes is derived for DPSK and FSK receivers, respectively. Conclusions are drawn in Section VI.
A general scheme of a heterodyne receiver including the Since angle modulation only is considered in this paper, the AFC loop is drawn in Fig. 1 . optical received signal is expressed by
T ( t ) = & F b S [ 2 T f T t + & ( t ) + 4VL(t)]
( 1) where &(t) is the phase noise of the transmitting laser, Ps is the received optical power, and &(t) is the digital angle modulation.
The local laser oscillator generates the optical signal
where PL is the optical power, e~( t ) , 
where V is the signal amplitude is the shot noise generated in the photodetection process'
The time derivative, divided by 2 7~, of the phase noise process &,(t) is the corresponding frequency noise process which will be denoted by n~~ ( t ) and assumed as a zero-mean Gaussian process [3] . 
where q is the electron charge and G B~, (~) is a normalized gate centered at zero frequency, extending from -B I F /~ up to B I F /~. From (5) and (6) 
AFC LOOP ANALYSIS
All the AFC schemes considered in the paper require the modulation to be removed from the IF signal. Since the way of removing the modulation depends on the modulation format itself, the general scheme of Fig. 1 specializes into one of the forms shown in Fig. 2 accordingly. The instantaneous frequency of the cosine term in (4), with modulation removed, is (c) where c ( t ) is the control signal generated in all the schemes by a hard-limiterifrequency-discriminator followed by a lowpass loop filter F(f). It is evident from (8) Note that c( t ) has low-frequency components only, while 7 1 1~ ( t ) has both low-and high-frequency components, i.e., flicker and white respectively. Goal of the AFC is to track the low frequency component of n~~ ( t ) only. The untracked component has the effect of broadening the IF spectrum.
The variance 0," of the tracking error e ( t ) is a key parameter to determine the BER in FSK receivers and to judge the overall goodness of the AFC loop. This variance will be evaluated by integrating its spectral density S,(f) obtained by solving the AFC loop equation.
With modulation removed, the passband IF signal (4) can be expressed in its Rice expansion with respect to wIF, using (8) and (9), as (10) where Writing the term in square brackets in (11) in its magnitude and phase gives
where $(t) and E ( t ) are real. The IF complex envelope then
An ideal limiter-discriminator centered at from the discriminator center frequency. This signal can thus be written as where is the shot noise AM-to-FM conversion in the discriminator.
The loop equation is then easily written from (9), by observing that c ( t ) is a filtered version of y ( t ) . Therefore
where @ indicates convolution, f ( t ) is the impulse response of the loop filter F ( f ) , and K,, Kd have been adsorbed into f ( t ) . Assuming that at steady state all the processes in the loop are wide-sense stationary, the spectral density of both sides of (17) is obtained
where S,(f) is the spectral density of n(t) and
Since F ( f ) is usually low-pass, C , ( f ) is high-pass and
is low-pass. The frequency error is then composed of the high-frequency part of n~~ ( t ) and of the low-frequency part of n(t).
Two block diagrams representing (17) are given in Fig. 3 . Fig. 3(a) shows the AFC loop and the blocks that generate n,(t). Fig. 3(b) shows the AFC loop as an estimator of the input n~~( t ) ideal integrator loop filter is obtained from (7) and (21) Based on (22) (22), using the coefficients (25), is given in Fig. 5 for a fixed value of B,1.
As Gol gets higher and Bol gets smaller, the curves tend to match the ideal integrator curve better and better, as expected. Therefore the ideal integrator will be the only filter considered in the analysis. Integration of S,(f) in (23) yields, for BIF >> B, 1
In Fig. 6 a plot of the closed-loop error frequency rms-square root of (26)-versus the closed loop bandwidth is given for two pairs ( K , Au) of the input frequency noise parameters.
Although the system bit error rate depends on CT," as a whole, each term of (26) will now be analyzed for a better insight.
Without AFC, the variance due to the white component would be [4] The AFC has usually a narrow bandwidth B,I and does not track much of the white component. Thus, in the presence of the AFC, the variance due to the white component is The "fast" white component originates the lorentzian-like lineshape of the unmodulated IF spectrum. The effect of the "slow" flicker component is to make the lineshape slowly drift in the optical frequency domain. The effect can be directly observed by monitoring the signal at the output of the frequency discriminator. Due to the finite bandwidth of real discriminators, the rms of this signal is mainly due to the square root of the second term of (26) This AFC loop analysis has been carried out assuming that the modulation has been perfectly removed from the IF signal.
In Appendix B it is shown how this removal can be practically implemented for the various modulations considered and what the actual spectra are. It is found, however, that the results are, in all cases, quite close to the simplified analysis given in this section.
IV. DPSK PERFORMANCE EVALUATION
As shown in Fig. 2(a) 
where e ( t ) is the closed-loop frequency error process in (9). Fixing BER = lo-', the corresponding values of the IF SNR versus AO, give the sensitivity curve shown in Fig. 7 .
To evaluate o I o e from (29), observe that AO, can be seen as a convolution between a gate T seconds long and e(t). is in the range 10-' to rad2. Comparing these values with the typical values of &ee in Fig. 7 shows that an increase of the variance due to the nonwhite component results in little degradation of the sensitivity. In this evaluation the IF signal distortion due to the residual "vibration" of the signal spectrum within the IF bandwidth has been neglected. This is because typical values for the rms of the residual low-frequency drift are in the range of a few megahertz, which is much less than the IF bandwidth. In fact from (31) (33) where Ay* is the IF linewidth. In the WD-FSK case BIF must be interpreted as the bandwidth BD of the bandpass filters (BPF) in Fig. 2 
(c).
Equation ( In the case of an IF linewidth A u = 24 MHz, (Av/R = 0.17 at R = 140 Mb/s), the design for the minimum penalty, neglecting the flicker noise, would suggest an IF bandwidth of 237 MHz. If the actual flicker coefficient is K = 4. lo1' Hz2, and the receiver has an AFC of bandwidth B, 1 = 50 Hz, the chosen bandwidth would give a penalty of 2.5 dB with respect to the true minimum. This can be reached choosing a 267 MHz bandwidth, which is the optimum value found using the effective linewidth Av*/R = 0.19 evaluated from (34). 
The second equality follows by making use of (5) and (6). The spectrum of G'(t) in (12) will now be considered. Two simplifying assumptions will be made and then relaxed. Assuming first that G ( t ) and a ( t ) are independent processes, the spectrum of tY(t) is the convolution of two terms 
VI. CONCLUSIONS
An analysis of the automatic frequency control in coherent heterodyne optical systems has been given. In these systems, 
S,,r(f) = S,(f)
@
A(f) = F[E[X(.r)]] = F[e-*]
(AS) case a simulation of the loop can be done to check the various spectra in the loop.
In heterodyne schemes, the intermediate frequency is often chosen higher than 1 GHz. Thus classical frequency discriminators, such as the Foster-Seeley, cannot be used any more. For our purposes, a simple non-linearity giving FMto-AM conversion can do the job; to this end, a delay line discriminator is usually employed.
After discrimination and modulation removal, the processing in the AFC loop is done at very low frequency and the design is thus a simple matter. However, care must be taken to allow sufficient IF bandwidth expansion to accommodate the residual "vibration" of the IF spectrum. This fact can be of some importance for IF bandwidths narrower than say 100 MHz, where the residual rms of some MHz is not negligible. With presently available semiconductor lasers, the where F indicates the Fourier transform. Since a ( t ) is the convolution of e ( t ) with a gate T seconds long, its variance is given in (30), with T replaced by T .
When the term Cl(f)S,,,(f) dominates in S , ( f ) , the two above assumptions hold, and the shape of A(f) can be obtained analytically. Fig. Il(a) shows A(f) using an ideal integrator as the loop filter (23), for various values of the closed-loop bandwidth B, 1 and a low value of the linewidth AV = 7 MHz. Fig. l l ( b ) is for a large Au value.
A Lorentzian of bandwidth Av/2, corresponding to the case S,(f) = 5 , is also shown in Fig. 11 as a reference.
Since A(f -IF) is the spectrum of the IF signal when no modulation is applied, this means that, with the AFC locked, on a spectrum analyzer the IF spectrum will appear completely fixed when Au is as large as 100 MHz, while it will move from scan to scan when AV is less than 10 MHz. The actual drift If' an ideal integrator is used as the loop filter, then the loop equation (18) with the gate will have a flat part of height S,(O) at low frequencies, and will then fall down at higher frequencies. Otherwise, even the top level of the convolution will be less than S~i ( 0 ) . It is then enough to check the two-sided white level of S,,,, Av/27~, against the top level of the shot component, i.e., B:,/(2 SNRBIF). When If the high SNR approximation does not hold, a white term arises in S,(f), due to the FM clicks, that tends to dominate.
It is worth mentioning that the use of higher order filters in the loop can lead to a fairly different behavior. For instance, the use of a second-order loop filter can create a resonance in the coefficients C1 (f) and C2 ( f ). This causes the closed-loop frequency error S , ( f ) 2~ C1 (f) S,,, ( f ) to dominate over the open loop S,,, ( f ) in the frequency range corresponding to the resonance. This accounts for the experimentally observed hump in Se ( f ) in the AFC loop of the FSK system reported in [14] and shown in Fig. 12 . The same hump can be observed in [12] .
APPENDIX B
In this appendix it is shown how the modulation is removed in the various schemes under analysis. The similarities with the unmodulated case treated in Appendix A will be stressed in each case.
A. DPSK
Refer to Fig. 2(a) 
In the DPSK receiver, the modulation is removed by cascading a square-law device and a bandpass filter centered at 2.fIF.
The signal .r(t) at the filter output (see Fig. 2(a) ) is
where Fig. 13 . DPSK: Spectral density of the shot noise contribution to the frequency noise n ( t ) in both linear (a) and log-log scale (b) .
The floor for f --+ CO is due to the NRZ assumption.
Actually, the m(t) NRZ signal is IF filtered. It is easy to
The limiter-discriminator yields a signal y( t ) proportional to the offset of the instantaneous frequency of (B.4) from 2 f I F
where the shot noise contribution is defined here as A plot of (B.lO) is given in Fig. 13 (a) and (b) in linear and log-log scale. We note that the low-frequency part of the curve can be approximated by a parabola of equation verify that, considering this filtering, the floor disappears.
B. Narrow-Deviation FSK
The scheme is shown in Fig. 2(b 
is a NRZ impulse T seconds long; mo is the modulation index, R = 1/T is the bit rate. Equation (B.12) can be recast as in (ll), using (13). The output of the limiter-discriminator is then
where n(t) has the same form as in (16). In high SNR conditions the same formula (A.2) is obtained. The only difference is in the form of S,/(f). Equation (12) 
where S(.) is the Delta function and Sa(z) 5 sin(z)/z. Fig. 14(a) , where e ( t ) is evaluated neglecting n(t). A plot of S, ( f ) as in (A.2) is given in Fig. 14 Again the floor is due to the NRZ assumption in m(t).
Again assuming X,(T) is real, then h e ( f ) is even and S,:(f) = +S,((f). A plot of Sw:(f)/S~(o) is given in
C. Wide-Deviation FSK
The double-branch envelope detected wide-deviation FSK scheme is shown in Fig. 2(c) 
